In the retinotectal system, positional information has long been postulated to take the form of molecular gradients within both the retina and the tectum. Recent reports have implicated Mek4, a member of the Eph (also named class V) family of tyrosine kinase receptors (RTKs), and two ligands, RAGS and ELF-1, in this process. Here, we report the cloning and distribution pattern of QEK5, another member of the Eph family of RTKs, isolated from a quail cDNA library. During retinal differentiation, QEK5 transcripts accumulate in a ventral to dorsal gradient within the retinal neuroepithelium, where its expression becomes restricted to the ganglion and bipolar cell layers. Within the tectum, QEK5 transcripts are detectable in a posterior to anterior gradient in the ventricular layer and newly formed superficial layers. The pattern of QEK5 expression in the retina and tectum is distinct from that of Mek4, suggesting that complex patterns of Eph RTKs and their ligands may play a role in cell -cell interactions involved in retinotectal projections and differentiation of the central nervous system. ᭧
INTRODUCTION
haved as if their visual world had been inverted (Sperry, 1943) . These experiments showed that the retinal ganglion During formation of neural connections, growth cones cells of lower vertebrates can regenerate their original coninteract with neighboring cells and respond to environmennections, suggesting that these neurons have distinct posital cues. One of the primary model systems for studying tional identities such that they recognize labels on corredevelopment of synaptic connections in the central nervous sponding target cells in the tectum. This led to the proposal system (CNS) is the retinotectal system. This system has of a series of ''lock-and-key'' interactions between afferent proved particularly useful for identifying molecules that are axons and target cells which could take the form of molecupotentially involved in the complex interactions mediating lar gradients conveying positional information (Sperry, nervous system development. The retina has an orderly pro-1963). Theoretically, two perpendicular gradients along the jection to defined visual centers of the brain. In amphibians axis of the retina and the tectum could be sufficient to and birds, retinal ganglion cells send their connections to specify the position of a particular neuron in these tissues the contralateral tectum in a topographical manner such (Gierer, 1981; Fraser, 1980) . While numerous investigators that a visual map that is inverted with respect to the image have observed the graded expression of multiple molecules projected onto the retina is created (Scalia, 1977; McGill et in both the retina and the tectum (reviewed in Tessieral., 1966) . Lavigne, 1995; Harris and Holt, 1995) , the functional sigTo address the nature of organized retinotectal connecnificance of these observations for the retinotopic projections, Sperry performed the classic experiment of cutting tions has remained uncertain. the optic nerve of a newt and rotating the eye 180Њ. After
As a first step toward the characterization of putative nerve regeneration, he found that the operated animals bemolecules implicated in this process, Walter and colleagues (1987) developed an in vitro assay in which temporal retinal axons were presented a choice between growing on mem-demonstrated that tectal membranes contain an inhibitory commercial breeder and incubated at 38ЊC in a humid atmosphere until they reached the desired embryonic stage. substance(s), present in a posterior to anterior gradient, which causes collapse of temporal growth cones (Walter et al., 1987) . These authors hypothesized that growth cone Isolation of cDNA Clones, Sequence Analysis, and inhibition and collapse observed in vitro may be the basis in Vitro Translation for retinotectal map formation in vivo. In the search for the inhibitory cue, they demonstrated that the tectal inhibitory We used two oligo(dT)-primed amplified cDNA libraries (Invitrogen) available in our laboratory. The libraries were activity is bound to cell membranes by a glycosylphosphatidylinositol anchor (Walter et al., 1990) , a property which prepared from poly(A) / RNA isolated from E14 quail spinal cord and E4 whole quail embryos and cloned into pCDM8 enabled them to isolate the Eph tyrosine kinase receptor (RTK) ligand RAGS (Drescher et al., 1995) . RAGS was and pCDNA1 vectors, respectively. Approximately 1 1 10 6 recombinants from the libraries were screened on duplicate shown to cause collapse of temporal retinal axons in the in vitro lane assay; moreover, this molecule displays a postereplica. Hybridization was performed at 42ЊC in a buffer containing 50% formamide, followed by washing at 65ЊC rior to anterior gradient of distribution in the tectum (Drescher et al., 1995) , indicating that this RTK ligand could in 0.51 SSC/0.1% SDS. Nucleic acid sequences were determined on both strands by the dideoxynucleotide chain terbe a candidate molecule for regulating retinotectal projections. Simultaneously, another group reported that Mek4, mination method. Sequence comparison and calculation of amino acid homologies were performed with the GCG sea member of the Eph family of RTKs, and its ligand ELF-1 display complementary gradients of expression in the retina quence software package available from Genetics Computer Group, Inc. and tectum, respectively (Cheng et al., 1995) . The intriguing distribution patterns of these molecules, together with the To isolate the QEK5 cDNA, we used the tyro-5 210-bp PCR product (Marcelle and Eichmann, 1992) as a probe in vitro results demonstrating that RAGS can mediate axon collapse, make the Eph RTKs and their ligands good candi-(probe c in Fig. 1A ) to screen at high stringency a 14-dayold quail spinal cord library. This resulted in the isolation date molecules for involvement in the formation of retinotectal synaptic connections.
of a 2.3-kb partial cDNA clone which encompasses the tyro-5 sequences (not shown). To isolate the full coding seIn this study, we present the cloning and pattern of expression of QEK5, a member of the Eph family of tyrosine quence, we used a 600-bp PstI fragment of this cDNA clone (probe b, Fig. 1A ) to screen a 4-day-old quail embryo cDNA kinase growth factor receptors. QEK5 has high homology to previously cloned members of this family, suggesting library. Multiple clones were identified and the longest of these was sequenced and analyzed further (Fig. 1B) . that it is the quail homolog of chicken CEK5, mouse NUK/ Sek3, rat Kelk, and human Kerk/HEK5. We show that QEK5
To determine the size of QEK5 protein product, we used a one-step rabbit reticulocyte lysate in vitro translation kit is expressed at the highest levels in the ventral neural retina and present in a ventral to dorsal gradient from Day 4 to (TnT-coupled reticulocyte system; Promega) according to the manufacturer's recommendations. The full-size QEK5 Day 9 of embryonic development. As the various layers of the retina differentiate, QEK5 expression is progressively cDNA cloned into the pCDNA1 vector was incubated in the reticulocyte lysate with the appropriate RNA polymerrestricted to the ganglion and bipolar cells. The graded expression of QEK5 mRNA in the ganglion cell layer of the ase and [ 35 S]methionine. One-tenth of the reaction was then separated on an SDS -PAGE gel and autoradiographed for retina suggests that this receptor could serve as a component of the biochemical positional tagging for the retinal 30 min. axons projecting toward the tectum. Interestingly, QEK5's ventral to dorsal gradient of expression is distinct from cDNA Probes, in Situ Hybridization, and Mek4's temporal to nasal gradient and suggests that QEK5 Microscopy may be involved in the projection of a ventral population of retinal ganglion cells to their tectal destination. QEK5 is
The various probes of QEK5 cDNA used for this study have been described in the text and in Fig. 1A . They were also expressed in a posterior to anterior gradient in the tectum, which parallels the expression of RAGS (Drescher et cloned into pGEM3z and pGEM7z vectors (Promega) and used to prepare antisense and sense QEK5-specific RNA al., 1995). These distribution patterns make QEK5 a molecular candidate for involvement in cell -cell interactions in probes.
For radioactive in situ hybridization, quail embryos were the formation of retinotectal projections and differentiation of the central nervous system. fixed in 4% paraformaldehyde/phosphate-buffered saline, embedded in paraffin, and sectioned at a thickness of 5 mm.
The procedures applied for treatment of sections, hybridiza-
MATERIALS AND METHODS
tion, and washing were as previously described (Marcelle et al., 1995) .
Embryonic Material
Slides were viewed with a Zeiss Axiophot epifluorescence microscope. Data were recorded using a Hamamatsu SIT Experiments were performed on quail (Coturnix coturnix japonica) embryos. Fertilized eggs were purchased from a camera and stored on removable Bernouilli discs. In situ hybridization images were obtained by superimposing a membrane glycoprotein belonging to the Eph family of RTKs. pseudo-bright-field image taken under UV light with a darkfield image. Image processing was accomplished using the Vidim software system (Fraser, Stolberg, and Belford, un-
Analysis of QEK5 Expression during Retinotectal
published) or Photoshop Version 3.0 software.
Development
We previously described the expression of QEK5 mRNA in chick adult tissues (Marcelle and Eichmann, 1992) . The
RESULTS AND DISCUSSION
QEK5 gene was found to give rise to one RNA transcript of around 4 kb in most tissues, while an additional much larger transcript (around 7.5 kb) was observed in brain tissues. The
Cloning and Sequence Analysis of QEK5
level of QEK5 expression was highest in brain and liver tissue, while considerably lower levels of expression were We previously reported the partial cloning of a member of the Eph family of growth factor receptors (Marcelle and found in kidney. These results are consistent with previously reported expression of the mRNA and the protein Eichmann, 1992). This 210-bp partial clone was isolated by PCR amplification from avian blastula mRNA and compariproduct of the CEK5 gene, which gives rise to two transcripts and is detected by histochemistry in the brain and son of its deduced amino acid sequence to the NBRF databank identified this clone as the avian homolog of the liver but is barely detectable in kidney (Pasquale, 1991) . This suggests that QEK5 and CEK5 are expressed similarly mouse tyro-5, isolated through the same PCR strategy from rat mRNA (Lai and Lemke, 1991) . We have shown that the in chick and quail.
We have determined the QEK5 pattern of expression durmain tyro-5 transcript is approximately 4 kb long (Marcelle and Eichmann, 1992) . Using the tyro-5 210-bp PCR product ing retinal and central nervous system differentiation by in situ hybridization of 35 S-labeled riboprobes. Probes from as a probe (probe c in Fig. 1A ), we have screened at high stringency 14-day-old quail spinal cord and 4-day-old quail different regions of the QEK5 cDNA were used to verify specificity of hybridization. Probes generated from the cytoembryo cDNA libraries (see Materials and Methods). Multiple clones were identified and the longest of these was seplasmic domain, transmembrane and juxtamembrane region, tyrosine kinase domain, and the N-terminal region quenced and analyzed further. The cDNA clone extends for 3061 nucleotides (not shown, GenBank Accession No. (Fig. 1A , probes a -d) resulted in similar patterns of hybridization, whereas sense control probes did not hybridize to X91737) and contains a single open reading frame of 2960 nucleotides encoding a putative primary translation product tissue. Therefore, we believe that the QEK5 hybridization shown here is specific without cross-reactivity to other reof 987 amino acids (Fig. 1B) , with a predicted molecular mass of approximately 111 kDa. In an in vitro translation lated molecules. assay, QEK5 cDNA gives rise to a protein product of approximately 115 kDa, consistent with the molecular weight pre-
QEK5 Displays a Gradient of mRNA Expression
dicted from its sequence (Fig. 1C) .
during Retinal Development
Sequence comparison revealed high homology of the isolated clone to the chicken CEK5, the human HEK5/ERK, By examining the distribution of QEK5 transcripts at 4, 6, and 9 days of embryonic development in the quail retina, the mouse NUK/Sek3, and the rat ELK (Fig. 1D) . The high degree of sequence homology and the similarities displayed we observed that it is present in a graded pattern. Expression is first detectable in the neural retina at 4 days of developby their respective patterns of expression (see below) strongly suggest that we isolated their quail homolog. Acment ( Figs. 2A and 2B ). QEK5 expression is strongest in the ventral-most portion of the retina and diminishes dorsally, cording to the nomenclature proposed by Sajjadi and Pasquale (1993) , we have named this clone QEK5 (Q for quail).
such that a ventral to dorsal gradient of expression is observed. At this stage, QEK5 expression is uniform throughAlong the QEK5 sequence, we identified the prototypic features of Eph growth factor receptors (see Figs. 1A and 1B) .
out the thickness of the neural retina (Fig. 2B ) and will remain so until Day 6 of development (not shown). From 4 In the extracellular domain, we recognized two hydrophobic regions at amino acids 1 -19 and 542-567, representing a through 9 days of development, the gradient of QEK5 mRNA expression extends dorsally and temporally such signal sequence and transmembrane domain, respectively, and a cysteine-rich domain comprising 20 cysteine residues that at E9, most of the ventrotemporal half of the retina is positive for QEK5 transcripts. However, its expression is and two FN-III-like repeats spanning residues 341 -411 and 455-511, respectively. In the intracellular domain, the tyromore extensive in the central portion of the retina, close to the optic nerve, than in the distal portion, close to the lens sine kinase catalytic domain of the receptor spans residues 622-890. In the C-terminal portion of the cytoplasmic do- (Figs. 2D -2F ). By E9, QEK5 expression is no longer uniform in the layers of the neural retina. Rather, transcripts accumain is a YXXM motif that is conserved among Eck, Hek-2, Cek10, and Cek9 and that has been shown to mediate mulate in the ganglionic cell layer and in the inner portion of the bipolar cell layer (Fig. 2E) . binding of the p85 subunit of PI3-kinase (Pandey et al., 1994) . These observations indicate that QEK5 is a transTissue culture studies in which retinal axons are grown . The sequences around the ATG 31 of the chick CEK5 (GCACCATGG) closely match (in boldface) the Kozak's consensus sequence for a eukaryotic initiation site (CCA/GCCATGG; Kozak, 1987), whereas CEK5 ATG 1 (CTGTTATGC) represents a poor match for the consensus sequence. This suggests that ATG 31 is the genuine initiation site of CEK5 translation. By analogy, we therefore think that QEK5 ATG 1 is the initiation codon. (A) Schematic representation of the QEK5 structure. Boxes indicate the location along the protein sequence of the various regions of the molecule which are prototypic for Eph receptor tyrosine kinases: SP, signal peptide; CR, cysteine-rich region; FN, fibronectin type III repeat region; TM, transmembranal domain; TK, tyrosine kinase domain. Bars above the schematic represent the location of the various cDNA probes used in this study. c is the tyro-5 PCR product isolated previously (Marcelle and Eichmann, 1982) , which was used for a first cDNA library screen and for the in situ hybridization presented in Fig. 2A . e is a probe obtained from the first library screen, which was used to isolate the full-size QEK5 cDNA. a, b, and d are probes which have been used for in situ hybridization. d was used for the in situ hybridization presented in on lanes of tectal membranes suggest the existence of a ons toward the tectum in a highly organized manner. At E3, the first retinal axons leave the temporal retina to reach molecule(s) present on the cell surface of temporal growth cones with which tectal cells interact (Walter et al., 1987) .
the anterior tectum at around E6. At E12 -E13, the formation of most retinotectal connections has been completed Could QEK5 play a role in this process? In the developing avian visual system, retinal ganglion cells project their ax- (Rager, 1980) . QEK5 is therefore expressed in the retinal neuroepithelium at the time that retinal axons are projectof the tectal neuroepithelium, but rather is observed in two deep layers of the tectum. While a high level of expression ing their axons toward the tectum. In addition, the gradient of QEK5 expression in the retinal neuroepithelium raises is seen in a layer of cells which borders the tectal ventricle, more diffuse expression is observed medially. At this stage, the possibility that this molecule could serve as a topographical tag for the axons projecting from the retina.
the various layers that are characteristic of the adult tectum are poorly defined; moreover, the recognizable layers generIs QEK5 protein expressed in the retinotectal system? Previous studies have investigated the distribution of ally contain a mixed population of cells, only some of which belong to the layer in question (Lavail and Cowman, 1971 ; mRNA transcripts of CEK5 and Sek3 (the chick and mouse homologs, respectively, of QEK5; Pasquale et al., 1994; Senut and Alvarado-Mallart, 1986) . By analogy with the adult tectum, we assigned the high level of QEK5 expression Becker et al., 1994) during embryonic development. Both genes were observed in the neuroepithelium of the retina.
to the stratum griseum periventriculare and the lower level of expression to the stratum griseum centrale and/or the In addition, CEK5 protein product was seen at E16 in the optic nerve fibers comprised of retinal ganglion cell axons.
deeper layers of the stratum griseum et fibrosum superficiale, respectively. The pattern of expression of QEK5 at E8 is consistent with these observations and suggests that QEK5/CEK5 mRNA
The pattern of QEK5 expression in the tectum is distinct from that of Mek4, which, at this age, is not expressed by transcribed in the neuronal soma of ganglion cells is translated into a protein product which is readily exported tectal neurons (Cheng et al., 1995) . The significance of the QEK5 gradient of expression in the tectum is unclear at throughout retinal axons, in a location where this receptor could interact with its putative tectal ligand. QEK5 function present. An intriguing hypothesis, as suggested for the retina, is that the graded tectal expression of QEK5 might be may not be limited to a positional tagging of retinal axons, since we have shown that in the retinal neuroepithelium, involved in the correct wiring of the various layers of the tectum. To address this question, it will be important in QEK5 mRNA is found in the bipolar cell layer. Consistent with this observation, QEK5/CEK5 protein product was the future to determine the pattern of expression of the QEK5 ligand. Interestingly, transcripts for another ligand of found in the inner plexiform layer, which contains synaptic connections between the ganglionic cells and the integthe Eph family of receptors, RAGS, are expressed in the chick tectum in a pattern that closely parallels that of QEK5 rating bipolar cells, and in the outer plexiform layer, which contains the connections between the bipolar cells and the (Drescher et al., 1995) . It will be important to determine (1) if RAGS and QEK5 are expressed in distinct neuronal short axons of the photoreceptor cells (Pasquale et al., 1994) . From these data, it is tempting to speculate that QEK5 may populations or are coexpressed by the same cells and (2) if RAGS has the ability to bind to QEK5/CEK5. play a role in specifying the correct wiring of the photoreceptor cells to their corresponding ganglion cells via the bipolar cells in addition to a possible function in formation of retinotectal connections. It will be important in the fu-
CONCLUDING REMARKS
ture to examine the retinotectal distribution of the QEK5/ CEK5 ligand and its possible role in axonal growth.
In the present study, we have demonstrated that QEK5 is the quail homolog of chicken CEK5, mouse NUK/Sek3, rat Kelk, and human Kerk/HEK5. Interestingly, we show
QEK5 Displays a Graded Expression in the Tectum
that QEK5 is expressed in a ventral to dorsal gradient in the neural retina from Day 4 to Day 9 of embryonic developWe have examined the pattern of expression of QEK5 in the E9 quail tectum. At this stage, QEK5 transcripts are ment. This gradient expands temporally as a function of developmental age, such that at later stages it covers most expressed in a posterior to anterior gradient (Fig. 3) . QEK5 expression is not homogeneous throughout the thickness of the ventrotemporal portion of the retina. Although QEK5 is initially uniform throughout the width of the retina, its homolog of RAGS, AL-1, was recently shown to promote fasciculation of cortical axons in vitro (Winslow et al. , expression becomes progressively restricted to the ganglion and bipolar cells as the retinal layers differentiate. 1995), indicating that RAGS/AL-1 can influence axonal behavior in a variety of ways in a context-dependent manner. Using an in vitro assay, it was shown that temporal axons are not selectively attracted to anterior tectal membranes Another member of the Eph RTKs, Mek4, and its ligand ELF-1 display complementary graded distributions in the (representing their normal targets), but rather are repelled by a membrane-bound cue(s) from the posterior tectal memretina and the tectum. Based on these data, it was proposed that Mek4 may be involved in conveying positional inforbranes (Walter et al., 1987) . In a search for possible inhibitory molecules, RAGS, a ligand for Eph RTKs, was shown mation to retinal ganglion cells along the nasal to temporal axis of the retina (Cheng et al., 1995) . to mediate inhibition and collapse of temporal retinal axons in vitro and to display a pattern of expression in vivo that Interestingly, QEK5 expression in the retina is distinct from that of Mek4 mRNA in two important ways: (1) Mek4 is consistent with its putative inhibiting role (Drescher et al., 1995) . In fact, the understanding of RAGS function in is expressed consistently in a temporal to nasal gradient, while QEK5 is expressed in a ventral to dorsal gradient. The the CNS is complicated by the observation that a human
